The purpose of this study was to understand the reason for variation in the sensitivity of different methods of detecting right-to-left shunts (RLS). B A C K G R O U N D Patent foramen ovale (PFO) is implicated in the pathogenesis of cryptogenic stroke, decompression illness, and migraine headaches. Intravenous agitated saline injections with tomographic imaging (transthoracic, transesophageal, and intracardiac echocardiography) has been used for detecting intracardiac shunts. Some patients with a high clinical suspicion of PFO have inconclusive echocardiographic study results. Transcranial Doppler (TCD) is an alternative method for detecting RLS that is not dependent on tomographic imaging.
P atent foramen ovale (PFO) has been implicated in the pathogenesis of several detrimental conditions, such as cryptogenic stroke, decompression illness, and migraine headaches (1) (2) (3) (4) (5) . It is estimated that 20% to 25% of adults have a PFO (6) . Intravenous agitated saline injections with transthoracic echocardiography (TTE) has been used to diagnose the presence of a PFO See page 349 and to quantitate the right-to-left passage of blood; however, TTE is not as sensitive or as specific as transesophageal echocardiography (TEE) for detecting intracardiac shunts (7) . In addition, some patients with a high clinical suspicion of PFO have inconclusive echocardiographic study results, partially from a lack of co-operation with the Valsalva maneuver from sedation. Intracardiac echocardiographic (ICE) imaging also has been used to determine the presence and severity of right-to-left shunting through a PFO. Detection of right-to-left shunts (RLS) using transcranial Doppler (TCD) imaging overcomes the limitation of sedation during TEE while maintaining a high sensitivity rate (8, 9) . We measured right atrial pressures during Valsalva maneuver and forced expiration through a manometer and compared TCD assessment versus ICE imaging in the cardiac catheterization laboratory to elucidate the mechanism for the differences in sensitivity of these methods for detection of RLS. (10) . A 6-F multipurpose coronary catheter was used to measure right atrial pressures. The RLS grade was recorded during injection of agitated saline, and right atrial pressures were measured at baseline, during Valsalva maneuver, and during forced exhalation into a manometer to 40 mm Hg. These measurements were repeated after device deployment. Agitated saline was created by using 8 ml saline, 2 ml blood, and 0.5 ml air. The solution was rapidly passed between 2 10-ml syringes connected together through a 3-way stopcock. The stopcock was connected to the sidearm of an 8-F or 10-F sheath placed in the femoral vein that was used for delivery of the device. The agitated saline produced a foam of microbubbles that was injected into the femoral vein. If the bubble study showed a grade 5 shunt at rest, then the injection was not repeated with Valsalva maneuver or with forced expiration into the manometer. Right atrial pressures were obtained during these straining maneuvers, but no more agitated saline was injected if the RLS was already documented to be maximum at rest.
The percutaneous PFO closure techniques have been described previously (11) . The PFO was closed using the Helex (Gore Medical, Flagstaff, Arizona) or Amplatzer Cribriform (AGA Medical, Minneapolis, Minnesota) atrial septal occluder device. All patients received intravenous heparin to achieve an activated clotting time Ͼ250 s. ICE was performed with an 8-F or 10-F Acuson AcuNav catheter (Acuson, Mountain View, California). We quantified the RLS by ICE using a grading scale based on the number of microbubbles visualized in the left atrium in 1 view during imaging: grade 0 ϭ Follow-up TCD studies were performed 3 to 16 months after PFO closure at rest, with Valsalva maneuver and with forced expiration into a manometer to 40 mm Hg. Intravenous agitated saline injections were performed in a similar manner with the patient in a supine position through an upperextremity antecubital vein. Statistical analysis. Continuous variables are expressed as mean Ϯ SD or median and interquartile range, as appropriate. Dichotomous variables are expressed as frequency percentage. We used the paired Student t test to compare right atrial pressure between different maneuvers before and after deployment. The Pearson correlation coefficient was calculated to estimate the association between pressures generated by the Valsalva maneuver and those using the manometer. The exact McNemar test was used to compare the rates of detecting significant RLS between ICE and TCD. All tests were 2-sided, and a value of p Ͻ 0.05 was considered statistically significant. R E S U L T S PFO closure. Baseline demographics are shown in Table 2 . In our study population, TEE had a false-negative rate of 7.9% (3 of 38 patients). Of 38 patients, the majority (63%) were men and the mean age was 49.3 Ϯ 16.5 years. The Helex device was used in 31 (82%) patients, and the Amplatzer cribriform device was used in 7 (18%) patients. All device deployments were successful.
Right atrial pressure measurements. Before device deployment, the average resting right atrial pressure was 6.6 Ϯ 2.6 mm Hg. With the Valsalva maneuver, patients generated a mean pressure of 21.6 Ϯ 11.9 mm Hg, which was significantly increased compared with that at rest (p Ͻ 0.001). Using the manometer with forced expiration, the pressure achieved in the right atrium (38.7 Ϯ 6.6 mm Hg, n ϭ 34) was significantly increased compared with that at rest (p Ͻ 0.001) or during Valsalva maneuver (p Ͻ 0.001). In 25 patients, repeat right atrial pressure measurements were recorded after the deployment of the device during rest, Valsalva maneuver, and manometer conditions. As shown in Table 3 , there was no significant difference in the resting (n ϭ 25) right atrial pressure before or after device deployment. There was a trend toward higher pressures with manometer (n ϭ 23), and a statistically significant increase in Valsalva maneuvergenerated (n ϭ 24) right atrial pressures after PFO closure (paired Student t test, p ϭ 0.06 with manometer and p ϭ 0.01 with Valsalva maneuver). After device deployment, right atrial pressures using the manometer (44.0 Ϯ 9.5 mm Hg) were significantly increased compared with those using Valsalva maneuver (28.4 Ϯ 13.9 mm Hg, p Ͻ 0.001) and at rest (6.8 Ϯ 2.6 mm Hg, p Ͻ 0.001).
Comparison of Valsalva maneuver-and manometer-
derived pressures. Figure 1 shows the wide variability of pressures generated by the Valsalva maneuver. There was no significant correlation between pressures generated by the Valsalva maneuver and those generated using the manometer (Pearson correlation ϭ 0.24, p ϭ 0.07). The lowest right atrial pressure measurement obtained with the manometer was 25 mm Hg. A total of 33 of 37 patients (89%) had evidence of RLS by TCD at this level of effort immediately after PFO closure. One patient did not have a post-closure bubble study performed and was excluded from this analysis. Thus, using 25 mm Hg as an arbitrary pressure cutoff, 49% of Grade Ն5 with manometer 4 11
The majority of the patient population was male (63%), and the mean age was 49.3 Ϯ 16.5 years. *Bubble studies were sequentially performed at rest, with Valsalva and with the manometer. If a TCD grade 5 shunt was discovered, further agitated saline injections were not repeated. One patient did not have a TCD Ն5 at any state, and PFO was diagnosed by mechanical probe of the septum. PFO ϭ patent foramen ovale; TCD ϭ transcranial Doppler. There was no significant difference in the resting right atrial pressure before or after device deployment. There was a trend toward higher pressures with manometer and a statistically significant increase in Van et al. TCD Versus ICE for the Detection of Right-to-Left Shunt patients were able to generate adequate pressure using a self-induced Valsalva maneuver, in comparison to 100% of patients using the manometer method. The scatter plot shows that the effort of forced expiration against a manometer with visual feedback usually (85% of cases) produced a higher transthoracic pressure compared with the Valsalva maneuver without the manometer. Comparison of ICE and TCD. Table 4 summarizes the quantification of RLS by ICE versus TCD before and after deployment of the PFO closure device. Five patients did not have ICE data available for analysis, 1 patient did not have ICE performed, and 1 patient did not have bubble studies performed after PFO closure. These 7 patients were excluded from this analysis. One patient had the procedure performed under general anesthesia, and another patient did not have the ICE images captured with Valsalva maneuver/manometer. These 2 additional patients were excluded from the Valsalva maneuver/ manometer analysis. An ICE grade Ն1 or a Spencer TCD grade Ն2 was assumed to represent a significant shunt. Before closing the PFO, when there was a large RLS, ICE and TCD had comparable rates of detecting significant RLS. After device closure, when there was minimal RLS, ICE underestimated the amount of RLS after device deployment in 5 patients (17%) at rest and 10 patients (34%) during the Valsalva or manometer maneuvers. The TCD also had a significantly higher rate of detecting significant RLS during the Valsalva or manometer maneuvers (p ϭ 0.012). Figure 2 shows the individual comparison of ICE versus TCD grading for each patient after PFO closure, both at rest ( Fig. 2A ) and with Valsalva maneuver or manometer feedback (Fig. 2B ). Ten patients (10 of 29, 34%) had an ICE grade 0 despite a TCD Spencer grade Ն2. Follow-up TCD. Of the 38 patients, 31 (82%) had a repeat TCD study at 3 or more months (average 6.2 Ϯ 3.61 months, range 3 to 16 months, median 5 months, interquartile range 3 to 8.25 months) after PFO closure. The average resting Spencer shunt grade was 0.4 Ϯ 0.8 (median 0, interquartile range 0 to 1). The average forced manometer shunt grade was 1.2 Ϯ 1.2 (median 1, interquartile range 0 to 2). Using a Spencer TCD grade Ն2 as a positive study, 1 patient (2.6%) at rest and 10 patients (26%) with forced manometer had a positive TCD study result.
D I S C U S S I O N
This study demonstrates that a significantly lower right atrial pressure is achieved during voluntary Valsalva maneuver compared with forced expiration into a manometer. This finding was reproducible before and after device deployment. The lack of a sufficient pressure gradient between the right and left atria has been postulated to contribute to false-negative TEE results in the detection of PFO 
Figure 1. Comparison of Right Atrial Pressures Measured During Valsalva Maneuver Versus Manometer
There was no significant correlation between pressures generated by the Valsalva maneuver and those generated using the manometer to 40 mm Hg (Pearson correlation 0.24, p ϭ 0.07). The majority (49 of 56, 87.5%) of patients were able to generate a higher pressure with manometer than with Valsalva maneuver. The dotted line represents line of identity. Van et al. TCD Versus ICE for the Detection of Right-to-Left Shunt (12) . When patients were asked to voluntarily perform a Valsalva maneuver during our study, inadequate transthoracic pressures were achieved in 50% of cases. As shown in Figure 1 , forced expiration with the visual feedback provided by the manometer was more successful in reaching the target level of 40 mm Hg compared with the patient's spontaneous effort with a Valsalva maneuver. This study confirms that false-negative assessment of RLS may occur due to inadequate pressures generated during Valsalva maneuvers despite what seems to be a learning effect with repeated Valsalva and manometer maneuvers as demonstrated by the differences in the before closure and after closure pressures shown in Table 3 . The attempt by the patient to produce a high intrathoracic pressure would be even more difficult with TEE probe intubation or after significant sedation. There are several explanations for the differences in the sensitivities of the methods of identifying an RLS through a PFO. One explanation is the generation of different intrathoracic pressures by the patients in our study. Patients have a variable response in effort after being told to "bear down" or "strain as if you are trying to go to the bathroom." Using a manometer, patients have a defined goal that can be visualized for immediate feedback and is therefore more likely to be achieved. The end result is a higher and more consistent pressure generated in the thoracic cavity. In addition, our studies were performed by withdrawing blood, which creates a much more efficient form of agitated saline that completely filled the right atrium as documented by ICE imaging. Many echocardiography laboratories perform TEE agitated saline bubble studies without mixing blood in the injectate.
The other major observation of this study is that the sensitivity of TCD was superior to direct imaging of the left atrium for passage of bubbles across the PFO. In comparing ICE and TCD, performed simultaneously for the detection of RLS after PFO closure, ICE did not detect any RLS in 34% of patients. Additionally, 17% of patients at rest and 34% during Valsalva maneuver or manometer conditions had an RLS grade by TCD that was significantly higher than the estimated grade by counting the microbubbles visually seen in the left atrium. Because ICE, TTE, and TEE are tomographic forms of imaging, a significant portion or all of the shunting into the left atrium may be missed by the limited imaging plane.
During the follow-up TCD, there was no shunt during rest and minimal RLS with the manometer.
Ten of the shunts at rest and 15 of the RLS observed with the manometer immediately after PFO closure had resolved at follow-up. This is consistent with published studies showing that closure rates increase with percutaneous devices over a period of months (13) .
Because of the increased sensitivity of TCD, echocardiography could be negative and yet the TCD could show a significant shunt. This could result in a failure to detect a number of patients with PFOs. This may have implications for epidemiologic studies, which could underestimate the incidence of PFO, depending on the method used to diagnose an RLS. This also raises the question of whether prior studies that separate PFOs with or without atrial septal aneurysms are correct. The methods of detection that were used in those studies could have missed the RLS, and therefore 0 (24) 0 (14)
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A B Van et al. TCD Versus ICE for the Detection of Right-to-Left Shunt could have misplaced the subjects into the wrong categories (14, 15) . A TCD evaluation performed while bearing down against a calibrated manometer seems to be more accurate than the other methods to quantitate the size and presence of an RLS. This also would be important in migraine studies, in which a PFO could be treated by a device and yet a small RLS could still exist through the device or the pulmonary circulation and be missed by echocardiography.
A TCD by itself does not reveal the anatomic origin of the shunt. The shunt could be at the pulmonary or cardiac level with a positive TCD. However, the increased sensitivity of TCD suggests that it would be the method of choice if the question asked is: does the patient have an RLS? The optimal assessment of an RLS would be a TCD agitated saline-blood study in addition to an anatomic assessment of the shunt by TEE or ICE.
C O N C L U S I O N S
Establishing the diagnosis of PFO is important for understanding the mechanisms of certain diseases, such as cryptogenic stroke and migraine. A TEE may not be the optimal initial screening test for the detection of PFO. In addition to avoiding the discomfort of TEE, TCD during forced expiration to 40 mm Hg into a manometer provides immediate feedback so that the patient is more likely to achieve this atrial pressure. The result is that TCD is more sensitive than tomographic imaging modalities such as TTE, TEE, and ICE for detecting significant RLS. 
